Abstract. In an addition series experiment the competition between three barley varieties (Agneta, Arra and Porno) and the yield performance of mixtures were evaluated. Also two levels of nitrogen fertilization (50 and 100 kgN/ha) were applied.
INTRODUCTION
Although plant density and mixture composition are different aspects of the same general phenomenon of inter-plant competition, they have generally been treated in isolation (Wright 1981) . Competition between species or varieties is often studied by varying the proportions of two components in a mixture in which the total plant density is held 307 JOURNAL OF AGRICULTURAL SCIENCE IN FINLAND constant (de Wit 1960) , whereas competition among plants in monoculture is studied by means of systematic variation in plant density as reviewed by Willey and Heath (1969) .
In monocultures, intragenotypic competition results in a reciprocal relationship between mean yield per plant and density Heath 1969, Radosevich 1987) . In two-genotype mixtures, the mean yield of each species is dependent upon therelative frequencies of the two genotypes and upon the overall density (Harper 1977) , as long as there is niche overlap between them (Firbank and W ATKINSON 1985) .
Several methods or approaches have been developed to study plant competition in mixed stands (Radosevich 1987, Firbank and Watkinson 1990) . Each method considers density, spatial arrangement and proportion to varying degrees. These methods generally fall into different types of experiments: additive, replacement series and addition series. In each method, total or individual plant yield, plant growth rate or plant mortality can be measured. Each method is a form of bioassay in which the response of one species is used to describe the influence of the other. The methods are thoroughly reviewed by Radosevich (1987) and Firbank and Watkinson (1990) . in addition to breeding purposes (Powell et al. 1985) it is important to separate intraand intergenotypic competition in order to select varieties for the use of cereal cultivar mixtures. According to previous considerations (de Wit 1960 , Spitters 1983 ), the yield advantage of mixtures can be predicted if the intragenotypic competition in the mixture is greater than the intergenotypic competition. Thus any quantitative analysis of competitive interactions must consider both intra-and intergenotypic competition. To achieve a more accurate assessment of the relative strengths of competition in mixtures of spring barley, an experiment was conducted with commercial varieties.
In the present experiment, replacement series (substitutive) (de Wit 1960 , Harper 1977 ) at three total plant densities of barley variety mixtures and monocultures were used to assess the competitive relationship between varieties and yield advantages of mixtures. The design of the present experiment combines the essential features of additive and replacement series experiments, varying both the total density and the individual component densities. The design is termed addition series by Spitters (1983) .
Two approaches were used to analyse com- The other approach used to analyse competition is based upon linear regression with the reciprocal of average plant grain yield as dependent variable and density as the independent variable (Wright 1981 , Spitters 1983 ).
MATERIALS AND METHODS

Description of the experiment
The field experiment of the addition series was carried out at the Experimental Farm of the University of Helsinki at Helsinki Viikki (60°13'N, 25°00') in 1983. A split-split-plot design was used where factors were nitrogen fertilization (50 kg N/ha and 100 kg N/ha) in main plots, total density (200, 400 and 600 seeds/m 2 ) in the subplots and genotypic structure of the stands in subsubplots. The genotypic structure of stands consisted of three barley varieties (Agneta, Arra and Porno) in all possible combinations of two-(50:50) and three-(33:33:33) component mixtures and monocultures. The number of replicates was three. For the general description of six-row barley varieties used in the experiment, see Jokinen (1991) .
The soil was silty clay of pH 4.9. The plot size was 10 m 2 (1.25 m x 8 m) with rows spaced 12.5 cm apart. The fertilizer was granular NPK (N 2%, P 8%, K 12%) (500 kg/ha) corn-bined with calcium ammonium nitrate (CAN) (N 27%). The fertilizer was placed 8 cm deep in the soil. The mixtures were mixed mechanically before sowing. The sowing date was 16 May. The crops were kept free of weeds by one application of the herbicide Actril S (2 -3 liters/ha mixed with 300 liters of water) containing MCPA (235 g/1), dichlorprop (184 g/1), ioxynil (38 g/1) and bromoxynil (24 g/1) at the time of shoot emergence. At maturity an entire area of each plot was harvested (10 August) and grain yields were determined (kg/ha at 15% moisture content).
Sampling and analyses
The number of plants in each plot was determined by counting the number of seedlings in four randomly chosen 1-m-long rows/plot about three weeks after sowing before the start of tillering. Similarly the number of generative shoots was determined after the complete ear emergence of the cultivars (the cultivars were not separated in mixtures).
From each mixture yield samples of 400 seeds were taken for determination of the seed yield of the components. The separated samples of each mixture as well as samples of each pure stand yield were used for determination of 1000 grain weights (g). The grain weight in mixtures was determined by dividing the weight of the fraction by the number of seeds. The grain weight of each monoculture was determined from samples of 3xloo seeds.
The grain yields, 1000 grain weight and number of generative shoots were subjected to analyses of variance for split plot design (Steel and Torrie 1980) . Mean separation was accomplished by Tukey's honestly significant difference test (HSD) (P = 0.05) (Steel and Torrie 1980 Harper 1977 , Trenbath 1978 . Relative yield (RY) in mixture for each variety was calculated as grain yield at each density and proportion, divided by the mean monoculture yield at that density. Relative yield total of a mixture (RYT) was calculated by adding up the relative yields of the components in a given mixture. Calculation of land equivalent ratio (LER) was based on the assumption that the sole crop yield of each variety used in the calculation was at its optimum density ( = maximum yield) (Trenbath 1976 ).
The competitiveness of one variety against another is expressed by the competitive ratio (CR) which is the ratio between the relative yields of the varieties (Willey and Rao 1980) . Details of the calculations (RY, RYT and CR) are shown elsewhere (Jokinen 1991) .
No statistical analysis was performed since no single method has been adopted for quantifying interactions in replacement series design (Vandermeer 1989) . Reciprocal yield approach. The significance of hyperbolic yield-density equations in various systems has been described elsewhere (Wright 1981 , Spitters 1983 , Firbank and Watkinson 1985 , 1990 , Connolly 1987 , Roush et al. 1989 . Here is a brief summary based on the review by Vleeshouwers et al. (1989) .
With mixed density (Nl, N 2) of two species, the yield of species 1 (Yl) as a function of those densities is assumed to be Y 1 = Nl/(b0 + MINI + bI2N2) (1) where bO is an intercept term, bl 1 denotes the effect of intraspecific competition, while bl 2 measures the effect of interspecific competition on species 1. The yield function for species 2 (Y2) is Y 2 = N2/(b0 + b2INI + b22N2) (2) where bO is an intercept term, b22 denotes the effect of intraspecific competition, while b2l measures the effect of interspecific competition on species 2. For simplicity of interpretation, equations (1) and (2) are often rearranged to inverse linear models (Spitters 1983 , Connolly 1987 1/W1 = Nl/Yl = bO + MINI + bI2N2 (3) and 1/W2 = N2/Y2 = bO + b2INI + b22N2 (4) where 1/W1 and 1/W2 are the inverse weight/plant. In this model, the reciprocal of average yield/plant of genotype 1 (1/W1) is described by a theoretical maximum yield/plant (1/bO) by its own density (Nl) and by the density of a second genotype (N2). Thus both total density and relative density (proportion) are incorporated in this approach to quantifying competitive interactions. Ac- If NDI is different from unity, the substitution rates for the genotypes are not reciprocal; a value greater than unity indicates some kind of niche separation between genotypes; a value less than unity indicates some kind of inhibition. IfNDI is equal to or less than one, the two species compete for the same resources (Spitters 1983 , Connolly 1987 . Wright (1981) also gave more interpretative properties for the b-parameters than presented here.
The multiple linear regression was carried out with the standard statistical package StatBo (HP-1000). The yield used in calcula- In general an increase of density and decrease of the nitrogen fertilization decreased the number of shoots per plant (Table 1) . Differences in the plant shoot number of stands having different genotypic composition were significant (p<0.05) only at the lowest density at both levels of nitrogen fertilization. At the lowest density and low level of nitrogen fertilization the shoot number of a mixture exceeded the shoot number of the varieties grown in pure culture.
Actual and expected grain yields
On an average the monocultures yielded the least and the three-variety mixtures the most (Table 2 ). The yield differences of the stands stand F(6,72) = 2.825, p = 0.016). This was mainly due to the strong response of Arra to increasing nitrogen fertilization.
There were no statistically significant differences between the yields of the mixtures. The yield of a given mixture differed significantly only from the yield of a component grown alone when Agneta was in the mixture. Then the mixture yield was higher than the monoculture yield of Agneta.
The average actual yield of the mixture exceeded the expected where the lowest yielding variety Agneta grown in the monoculture was one of the components. When the two high yielding varieties Arra and Porno were grown in the mixture, the average actual yield was close to expected. It is important to note that the ratio of the actual and expected yield of a given mixture was usually highest when the density was low, especially at the low nitrogen fertilization level.
Grain weight
The increasing density decreased linearly the grain weight of each variety (data not given).
The grain weight of Agneta was highest (p<0.05) when the variety was grown in monoculture (Table 3 ). The grain weight of Arra was usually higher in mixtures than in monocultures. The grain weight of Porno was the lowest in monoculture and in the mixture with Arra.
Relative yields (RY), relative yield totals (RYT) and land equivalent ratio (LER) Arra always yielded more in mixtures than in monoculture (Tables 4 and 5 ). Arra acquired more space in the mixtures with Agneta than in the mixtures with Porno. At the high nitrogen fertilization level the relative yields of Arra usually increased with increasing density.
Almost without exception Agneta was a variety in which relative yield was lower than expected. Porno yielded less in mixture than in monoculture when the component was Arra, whereas when the component was Agneta, it yielded more (Table 4) .
The relative yield totals were more frequently greater than one (71%, n = 24) than equal (8%) to or below (21%) one. The relative yield total correlated well with the ratio of actual and expected yield (r = 0.972, p< 0.001, df = 22). As a rule, the relative yield total of a given mixture was greatest at the lowest density and at the low level of nitrogen fertilization (Table 6 ). LER-values were close to or below one (Table 6 ).
Competition competitive ratio (CR) Arra was always the dominant component in the mixture (CR>l) (Fig.l) . In general, Arra was more dominant over Agneta than over Porno. Porno was more dominant than Agneta. In two variety mixtures the competitiveness of the dominant component was greatest at the highest density and at the highest level of nitrogen fertilization.
Competition regression model Table 7 shows a summary of the regression parameters and the derived indices. The inverse yield/plant of barley variety depended linearly on its own density and on the density of the other component. This result shows the fact that both density and proportion had an influence on the responses of the varieties.
In most cases the intra-genotypic competition of the lower yielding variety was weaker than the inter-genotypic competition. However, there was a Montgomery effect in the mixture of Arra and Porno. In this case the intragenotypic competition of the higher yielding Porno was less severe than inter-genotypic competition and vice versa for Arra. Thus in the mixture the higher yielding Porno was depressed.
The results of the relative competitive ability (RC) of a variety showed that Arra was a stronger competitor than the other varieties. The relative competitive ability of Arra increased with increasing nitrogen fertilization with Arra being more aggressive against Agneta than Porno. Porno was a stronger competitor than Agneta.
In general the niche differentiation index In addition to overyielding, the evaluation of yield advantage can be based on the relative yield total (proportional model) and on the ratio of actual to expected yield (additive model) (Trenbath 1978) . In the present experiments both the relative yield totaland the ratio of actual to expected yield were usually equal in a given total density of each replacement series. This is because the yield differences between monocultures in most cases were reasonably small and the fundamental difference between approaches based on the expected additivity and proportionality disappeared. However, the reader should observe that the evaluation of mixture advantage does have its restrictions. When the higher yielding component grown in monoculture is an aggressor, yield difference between monocultures being rather large, as in the mixture of Arra and Agneta at the high level of nitrogen fertilization, it is obvious that the ratio of actual yield and expected yield shows greater yield advantage than relative yield total. Trenbath (1974) showed that there is the tendency for actual mixture yields to lie above expected combined with the closeness of RYT's to unity.
When the higher yielding component is depressed (Montgomery effect), as in the mixture of Arra and Porno at the low level of nitrogen fertilization, the results based on the ratio of actual and expected yields can favour the use of monocultures. In the case of the Montgomery effect mixtures will be preferred over monocultures based on the relative yield total.
As a conclusion, the determination of the yield advantage should be based on relative yield total if all the components are to be grown and especially if the yields of the components have different values. Neither method of analysis is preferable if the aim is to maximize production; rather the mixture yield should be compared with the yield of the highest yielding pure culture.
A critical measurement of the yield advantage of mixtures in general involves also a demonstration that the sole crop density used is the optimum. This is because there is an obvious danger of confounding the effects of beneficial interactions between components with simple response to changed density. The results of the present experiment showed how the interpretation of the yield advantage of the mixtures may change only because the mixture yield is compared to the yield of the pure cultures growing in equal density, i.e. constant density (RYT), or to the yield of pure cultures growing at optimum density (LER). Thus without the certainty that the sole crop density is optimal, RYT or LER involving varying densities can be misleading as demonstrated also by Trenbath (1976) and Connolly (1986) .
Occurrence of yield advantage
The results revealed that the yield advantage as determined by the relative yield total or by theratio of actual to expected yields was usually higher at lower levels of expected yield. This was mainly caused by the low density combined with low nitrogen fertilization, i.e. under suboptimal production conditions. Also Aufhammer and Stutzel (1989) observed that mixture effects tended to be positive with low and negative with high production intensities. Similarly Sage (1971) and Valentine (1982) reported that the yield advantage of mixtures was only apparent at a low density, but not at normal seed rates. However, Clay and Allard (1969) did not find that the yield advantage of the mixture was in general greater under low than under high yield levels.
From a practical point of view there are not very many reasons to use lower than optimum densities except if there is lack of seeds and one tries to prevent lodging. Then it may be more justified to use mixtures than monocultures. This is because the observed yield advantage of certain mixtures (RYT>I) in agricultural terms means that to obtain the same yields of both varieties (or three varieties), a greater area is needed sowing them separately than sowing them in a mixture.
The results also suggest that when one component like Agneta in the present experiment is an unsuccessful producer in pure culture in a certain environment, the others may overcompensate. Thus the curves of the varieties in the replacement diagram did not compensate each other, giving rise to a relative yield total above one.
Overyielding which occurred in the present experiment was not statistically significant, agreeing with the previous results for barley mixtures in Finland (Jokinen 1991) . In this respect the results are consistent with the findings of Palvakul et al. (1973) and Lang et al. (1975) who stated that the yield advantage from mixtures of high yielding varieties is small or zero.
It should be emphasized that the present and previous results (Jokinen 1991) suggest that the yield difference between different mixtures is smaller than the yield difference between individual varieties. Thus the probability of selecting a lower yielding mixture is smaller than a lower yielding individual variety. Huhn (1987) also concluded that a mixture will show an increasing phenotypic stability with increasing number of components based on both theoretical and experimental results.
Competitive ability
The reader should observe that Arra was always more competitive than any other variety in the present and in previous experiments (Jokinen 1991) irrespective of its monoculture yield in relation to the other varieties. If a large number (572) of mixtures including cereals, grasses and legumes is considered, the positive correlation between dominance in mixtures and yield in pure stands is not very strong (0.3) according to the review of Trenbath (1974) . These findings indicate that there are also other characteristics than the pure culture yield of a variety itself, such as differences in juvenile growth, which determine the competitive ability of a variety (Spitters 1979 , Spitters and van den Berg 1982 , Jokinen 1991 .
In this experiment, Agneta was not able to use the available space in the mixtures as efficiently as expected. This situation appeared especially at the high level of nitrogen fertilization and at the high density where the competition was usually the most severe and the dominance-suppression relationship prevalent. Also the monoculture yield of Agneta was reduced in respect to other varieties (see Jokinen 1991) . This might be because of its well known sensitivity to low pH of the soil. Thus these results suggest that a genotype which is not well adapted in a certain environment may also be a poor competitor in that environment. It is important to note that then the lower yielding variety is unfavoured in competition. Blijenburg and Sneep (1975) showed that the only barley variety well adapted to local conditions rapidly dominated a mixture.
Competition models
The results of the de Wit analysis concur with the findings of the reciprocal model in describing the competitive ability of a variety. Thus it should be emphasized that the competitive ratio (CR) can give a good estimate on the relative competitive abilities of the components, especially in the mixture of different genotypes of the same species like cereals at constant density. Connolly (1986) showed that the replacement method is particularly prone to difficulties in mixing species of different sizes. However, the approach proposed by Wright (1981) and Spitters (1983) provided more detailed and definitive interpretations about the relative magnitudes of the effects of intra-and intergenotypic competition than did the replacement series analysis.
The advantages of fitted models over replacement series analysis are that they deal directly with yield and are not restricted to single total density. The fitted models can be applied to any combination of frequency and density as shown by Wright (1981) , Spitters (1983) and Firbank and Watkinson (1985) .
The fitted models can be used for optimizing the benefits of mixtures under different growing conditions. For example, according to the competition model, a component like Arra which benefitted from mixed culture (Bab < Baa) will not only give a higher yield at any density than in monoculture but is also predicted to respond favorably to higher densities in mixture than in monoculture. The results of the present experiment also indicated that at low nitrogen fertilization levels the niche differentiation index (NDI) might be higher than at high nitrogen fertilization levels. This suggests that certain genotypes might avoid each other more at low than at high levels of nitrogen fertilization.
Although the reciprocal yield approach partitioned the influences of intra-and intergenotypic competition, the coefficients for intra-and inter-genotypic competition provided by the model may simplify the system. It is likely that at the very low density the actual yield of components in the mixture will reach the expected yield, which explicitly means that intra-genotypic competition is equal to inter-genotypic and in the model Baa = Bab and Bbb = Bba. However, the parameters in the regression model are constant for all densities. Thus it is important to note that the parameters of the reciprocal model can be used to characterize the competitive patterns more precisely at higher densities as stated also by Wright (1981) . However, the same general pattern of intra-and intergenotypic competition is expected to be retained even at lower densities, as the results of the present experiment also suggest.
Importance of competition
Caution should be exercised when one evaluates the importance of competition in the selection process of barley breeding according to these results, because commercial varieties were used. However, the results indicated that intragenotypic competition might differ from intergenotypic competition even between commercial varieties. The finding differs from the result of Baker and Briggs (1984) who concluded that the performance of commercial barley varieties was similar in competition with other genotypes as in pure stands. The role of competition may not have been fully assessed in their study . Powell et al. (1985) emphasized that intergenotypic competition is of great importance in barley breeding programs. Clay and Allard (1969) concluded that varieties selected for high yielding ability in pure stand would not have precisely the biological properties necessary for favourable interaction in heterogeneous populations. Thus it is more likely that genotypes with such properties would be found in populations with a history of mutual selection. It will, however be a rather challenging task for breeders to identify genotypes within species which exploit the environmental supplies of growth factors in different ways in a wide range of environments, i.e. genotypes which do not only compensate but complement each other. The results of the present experiment and also previous studies (e.g. Sandfaer 1970 , Blijenburg and Sneep 1975 , Spitters 1979 , Jokinen 1991 where relative yield totals were calculated, suggest that at least commercial barley varieties seem to compete for the same growth factors at recommended densities and in optimal production conditions.
